A continuous fuel level sensor using a side-emitting optical fiber is introduced in this paper. This sensor operates on the modulation of the light intensity in fiber, which is caused by the cladding's acceptance angle change when it is immersed in fuel. The fiber is bent as a spiral shape to increase the sensor's sensitivity by increasing the attenuation coefficient and fiber's submerged length compared to liquid level. The attenuation coefficients of fiber with different bent radiuses in the air and water are acquired through experiments. The fiber is designed as a spiral shape with a steadily changing slope, and its response to water level is simulated. The experimental results taken in water and aviation kerosene demonstrate a performance of 0.9 m range and 10 mm resolution.
Introduction
Fuel level measurement is a great challenge in aircraft fuel systems [1] . The most frequently used level sensor for aircraft is the capacitive level sensor for its good sensitivity and maintainability. But when the plane takes off from an airport with hot and wet environment, the moisture in the fuel tank will be congealed and mixed in the fuel, then error and short circuit will happen to the capacitive sensor. For this reason, ultrasonic level sensor was used to replace the capacitive sensor in the planes like B777, F22, and so forth. Now the fuel level sensors on the newest aircrafts like B787, A380, and F35 are changed back to the capacitive type, for the ultrasonic level sensor's bad performance in reliability and maintainability during the flight.
Optical fiber liquid level sensors (OFLLS) have been reported to be safe and reliable and have many advantages for aircraft fuel measurement [2] . Above all, the moisture or water mixed in the fuel will have little influence to the OFLLS because the optical fiber is nonconducting. Many OFLLS have been developed, such as float type [3] , pressure type [4] , optical radar type [5] , and TIR type [6] . Side-leaking OFLLSs can make the conducting light leaking from the side of the fiber and have different attenuation coefficients in air and liquid [7] . Compared to other kinds of OFLLS, the main advantages of the side-leaking OFLLSs are immune to air pressure and insensitive to liquid sloshing and have no moving parts. There are many implementations for optical fiber side leakage: reducing the thickness of fiber cladding [8] ; removing several zones of the cladding [9] ; using fluorescent impurity-doped fiber [10] ; side-polishing the cladding and a portion of core on a curved fiber [11] ; using an etched FBG [12] , or using a tilted FBG [13] . Until now, these sensors have not been commercialized due to low sensitivity [9, 11] , limited range [12, 13] , expensive cost [8] , and complicated manufacturing [8, 12, 13] .
Side-emitting optical fiber (SEOF) is a kind of polymer optical fiber of which the conducting light can leak from the side of fiber, and it is usually used for illumination and framing of buildings [14] . Compared to the side-leaking methods mentioned above, the light attenuation of SEOF is uniform, and its manufacturing cost is very low. There are many kinds of SEOF, and the one produced by cladding material crystallization is chosen for liquid level sensing, because it has a larger side emitting intensity compared with other SEOFs [15] . In this kind of fiber, there are many tiny crystals in the cladding; when the conducting light is reflected on the core-cladding interface, it will be scattered by these tiny crystals, and then the conducting light will be leaked. However, the attenuation coefficient changes little from in air to in liquid in a straight SEOF, and fiber bending must be used to increase the attenuation change.
In this paper, a liquid level sensor with a spiral bent SEOF is demonstrated. To investigate the sensor's response with different bent radius, a steadily changing spiral slope is applied to the sensor. The principle of the sensor is explained, while the design, simulation, and a prototype of the sensor are also presented. An InGaAlP Yellow LED (TLYH180P from TOSHIBA Inc.) with a typical peak wavelength of 590 nm is used as light source in all the experiments presented in this paper.
Sensor Principle
The basic schematic of a side-leaking OFLLS is shown in Figure 1 . In this schematic, the height of the fiber is H, and the liquid level is h; the incident light power is P i , while the emergent light power is P R . In the side-leaking OFLLS, light propagating in fiber is attenuated exponentially to the submerged length with the coefficient related to the refractive index of the surrounding medium. In liquid level sensing, there are mainly two mediums: air and liquid, and the attenuation coefficient in liquid is larger than that in air. Define α a and α l as the attenuation coefficients in air and liquid, respectively, then the transmitted light attenuates with the coefficient α a in the fiber exposed in air for a height of (H − h), and the output power in this section is [16] 
Then, the transmitted light attenuates with the coefficient α l in the section of fiber in liquid for a height of h, and the output power in this section is
Replace P a in (2) with (1), and make a deformation to the exponential part of the formula; the output power can be simplified to be
In this equation, exp(−α a L) decides the ratio of receiving power to the incident power, and exp[−(α l − α a )h] decides the ratio of output change to the maximum output. If α l is greater than α a (this will be demonstrated later), the emergent power P R decreases as the level increases. If α l − α a is small enough, P R responds linearly to liquid level change.
Light Attenuation of SEOF in Air and
Liquids. In SEOF, the attenuation coefficient is larger in liquid than that in the air due to the different acceptance angle of the fiber. As shown in Figure 2 , the propagating light is scattered by the tiny scattering crystals in the cladding. According to Rayleigh's equation [17] , the scattered light intensity I s for an unpolarized source is given below: where I i (Watts/meter squared) is the intensity of incident light, θ is the included angle between the scattered light and incident light, A is a constant, in which N is the number of scattering particles, r is the radius of particle, λ is the wavelength of incident light, R is the distance between the particle and the observing point, n 1 is the index of particle, and n 0 is the index of the material around the particle. In the SEOF, the angle between transmitted light and fiber axis is very small, so it can be considered that θ approximately equals the angle between the scattering light and fiber axis. The scattered light can be divided into three parts: part 1 is the backward cladding mode which transmits to the incident end; part 2 is the emitting mode which is refracted into the surrounding medium; part 3 is cladding mode which transmits along the fiber to the emergent end. Their boundaries are decided by the critical angle on the surface between the cladding and medium [18] .
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where R is the same as the R in (4), and it will be eliminated in the calculation. The total power of scattering light is
Then, P r and P s can be calculated, and the ratio of P r to P s is
The response of (8) to medium's index is shown in Figure 3 , which indicates that the cladding mode power decreases while the index of the ambient medium of fiber increases. The value of (8) will reach the minimum value of 0 when n m ≥ n cl . In liquid level sensing, the index of the liquid is always larger than that of air, so there will be more power loss in fiber when the fiber is immersed in liquid than that in air. According to the definition of the fiber's attenuation coefficient [19] , α l is larger than α a .
Test of Attenuation Coefficients in Straight SEOF.
The attenuation coefficients can be achieved by measuring the luminous exitance from the side of SEOF. Define x as the distance from a point in the fiber from the incident end, and in a fragment of fiber at the location x with a length of Δx as it is shown in Figure 4 , the incident light power is P(x), the emergent light power is P(x + Δx), and the power losses in this section can be calculated according to the definition of fiber's attenuation coefficient:
Luminous exitance can be defined as the side-emitting power in per unit area, and it can be calculated as
where r f is the radius of SEOF. Equation (10) can be simplified by series expansion, and the result is
Since α is a very small value, (11) approximately equals
Then, the attenuation coefficient, α, is proportionate to the luminous exitance. An experimental setup is established as it is shown in Figure 5 to test the fiber's attenuation coefficients in air and in water. In this setup, an LED is used as the light source; a POF with 1 mm diameter is placed with its end facing the cladding of SEOF at location x, and it is used to guide the side-emitting light to the power meter. In the experiments, the 1 mm POF is moving from the input to the output end of SEOF, and its output power is recorded as P p (x) at location x. Then, the luminous exitance can be calculated as Journal of Control Science and Engineering where r p is the radius of the 1 mm POF. Then, the attenuation coefficient can be calculated according to (12) and (13) as
The measured result of the attenuation coefficients are 0.0045/0.0057 (/m) for air/water, respectively, in the middle of the fiber, and α l − α a = 0.0012 (/m). This is in accordance with the theoretical analysis.
Enhancement of Attenuation Coefficient
Because α l is very close to α a , the output change is very small compared to the maximum output. In a 1-meter-long SEOF, the maximum change of output is only 0.12% compared to the maximum output. Such a small change of power is difficult to measure, because it will be overwhelmed by the temperature drift of the LED and photodiode. There are two methods to enhance the output change: increasing the difference between α l and α a and enlarging the submerged length of fiber, and both of them can be achieved by bending the SEOF as a spiral shape.
Attenuation Coefficient of Bent SEOF.
It is demonstrated that the attenuation coefficient increases exponentially with the decreasing of bent radius [20] . In SEOF, there are too many modes of light, and the boundary conditions are very complex, so it is easier to get its attenuation coefficient by experiments than by calculation. In the experimental setup shown in Figure 6 , the fiber is bent as a semicircular with radius varying from 1 cm to 8 cm by a step of 1 cm. In this setup, light emitted by the LED is injected into the fiber directly, and the input power P i and output power P o are measured by a power meter. The experiments are taken with the fiber exposed in air (shown in Figure 6 (a)) and submerged in water (shown in Figure 6(b) ), respectively. Then, the attenuation coefficient per unit length can be calculated as
where R is the bent radius of the fiber. The SEOF's attenuation coefficient versus bent radius in the air is shown in Figure 7 , and it indicates that the fiber's bend loss increases exponentially while the bent radius decreases. The difference between attenuation coefficients in air and in water versus bent radius is shown in Figure 8 , and it shows the value (α l − α a ) increases when the bent radius decreases. With the tested value of α a and α l , the sensor's response to liquid level can be simulated.
Light Attenuation in a Spiral SEOF.
With a twodimensional bent fiber, the length of fiber immersed in liquid is not linear to the liquid level. Using a spiral shape can solve this problem, and the immersed length can be enlarged in the same fiber. In a spiral line defined as
a is the radius of the core and b is the slope of the spiral line. The arc length in the spiral line is
Then, the ratio between arc length and height can be calculated by dividing S by z, and the result will be
Define α H as the power loss per unit height and α L as the power loss per unit length, and α H will be K times as large as α L according to the definition of the fiber's attenuation coefficient. This means α H is always larger than α L . 
Experimental Setup
The schematic of the experimental system is shown in Figure 9 . This system consists of a SEOF, two crabsticks, an LED, a photodiode, a signal processing circuit, and a data acquisition module DAM3056 to monitor the continuous level change. A PMMA SEOF of core/cladding diameter 2.6/3 mm and refractive indices 1.49/1.37 (at 580 nm) is used. The fiber is coiled downward on a crabstick as a spiral shape and turns upward along the other crabstick as it is shown in Figure 10 . The track of fiber is fixed by the nails, and the function of the spiral is 
The spiral has a core radius of 12.5 mm, a height of 900 mm, a minimum bent radius of 15 mm at the top (shown in Figure 10 (b)), and a maximum bent radius of 80 mm at the bottom (shown in Figure 10(d) ). The slope of the spiral is steadily decreased along the height; then, the sensor's response to liquid level with different bent radius can be tested. The simulated value of the sensor's response to level is shown in Figure 11 . In this picture, the total variation of power is 7.9% of the maximum output, and this variation is 66 times as large as the output variation in a straight fiber; the sensitivity is stronger in the section with a smaller slope. In the experimental system, the LED is driven by a 2.2 KHz square wave generated by a 555 timer. The output power is detected by photodiode VTB8440 (PerkinElmer Optoelectronics, Inc.), of which the optical response extends from 330 to 720 nm and has peak sensitivity at 580 nm. The output current of the photodiode is then transformed into voltage by a preamplifier, and this voltage is subtracted by a reference signal in an instrumentation amplifier, and then the limited change of power can be amplified. The reference signal is generated by amplifying the square wave to get a same amplitude and phase with the detector's signal at zero liquid level. The differential signal is then amplified and detected by a lock-in amplifier with a high signal-to-noise ratio, and the noise of the signal is reduced from 3 V to 0.02 V. The output voltage of the lock-in amplifier is monitored by the data acquisition module and then sent to the computer.
Results and Discussion
Experiments are taken in water and aviation kerosene. In the water level experiment, a pump is used to let the level rise; after every 10 mm level changing, the flow controller is closed to hold the level and record the output voltage on the computer; when the level reaches 900 mm, the pump is shut down, and the level will decrease under the pull of gravity, and the output voltage is also recorded after every 10 mm level changing. The experimental procedure is almost the same in the aviation kerosene level sensing, except using a hand pump to pump in the fuel.
The experimental results are shown in Figure 12 . The solid and dashed curves are the experimental results in water, while the dash-dotted and dotted curves are the experimental results in aviation kerosene. The sensor's output responses to the rising and decreasing of levels are shown in separate curves. In all the four curves, a sharp decrease of voltage happened in the beginning, this is caused by the turning section of fiber with a small radius at the bottom of the sensor. As it is shown in Figure 10 Figure 11 , the sensor has a larger sensitivity in the section with a smaller bent radius. In the water level sensing the sensitivity of the sensor is −1.14 mV/mm in the section of (0∼600) and −3.65 mV/mm in the section of (600∼900). In the aviation kerosene level sensing, the sensitivity is −1.31 mV/mm in the section of (0∼600) and −3.73 mV/mm in the section of (600∼900). In the liquid level sensing, the measurement signal is easier to be amplified with a larger sensitivity. According to the experimental results, using a SEOF with a fixed bent radius of 15 mm will have a linear response to the liquid level, and the output power changing ratio will be enlarged. The results show a hysteresis between the rising curve and the dropping curve. This hysteresis is caused by the liquid staying in the gap between fiber and crabstick during the level dropping. The difference between rising and dropping curves is larger in aviation kerosene than that in water, because the aviation kerosene has a larger viscosity than water (the viscosity of aviation kerosene/water is 1.25/1.005 mm 2 /s at 20
• C). The hysteresis of curves causes error in measurement, and half-embedding the fiber in a slot on the sensor's core will eliminate the gap between the fiber and the core; then the hysteresis will be limited.
The performances of this sensor and the OFLLSs mentioned in the introduction are compared in Table 1 . In this table, the sensors with a large measurement range have a limited resolution, while the sensors with a high resolution have a limited range. In aircraft fuel measurement, the required measurement range is 1 m, and the required resolution is 5 mm. Among the sensors showed in Table 1 , the sensor described in this paper is the one which mostly meets the requirement in aircraft fuel measurement.
Conclusions
In this paper, a novel optical fiber level sensor was proposed, based on a spiral bent side-emitting optical fiber, which is produced by cladding material crystallization. The principle of the sensor was interpreted by analyzing the light scattering in the SEOF, and experimental results were presented to explain the reason for using a spiral bent SEOF. A prototype with a steadily changing spiral slope was designed to demonstrate the sensor principle and test the sensor's response with different fiber bent radius. The experimental results taken in water and aviation kerosene showed coincidence to the simulated results. There are also several disadvantages in this sensor, like the long-time instability, the sharp output decrease near the zero level, the hysteresis during level rising and dropping, and the nonlinear response to liquid level. By solving these problems, the sensor's performance can be improved and be suitable for the fuel level measurement in vehicles like a plane, truck, or ship and the level sensing in liquid with low viscosity.
